Abstract
Introduction
According to the United States Renal Data System, there were more than 661,000 patients with end-stage renal disease (ESRD) in the US in 2013, of whom 63.7% were receiving hemodialysis [1] . The prevalence of ESRD in the US continues to increase by about 21,000 cases per year, whereas ESRD incidence has largely stabilized over the last decade except in patients aged 45-74 years, in whom it continues to increase. This latter observation has important significance because older individuals are the most susceptible to acute coronary events.
Patients on hemodialysis have increased cardiovascular disease (CVD) burden with substantially increased rates of adverse CV events. CV risk is higher for adults with ESRD on hemodialysis compared with age-matched healthy individuals; for adults over 75 years of age, CV risk remains up to 10 times higher for patients on hemodialysis [2] . Mortality rates for patients starting hemodialysis are 16 times higher compared with the general population, with CVD responsible for nearly 40% of these deaths [3] . The elevated CV morbidity and mortality combined with the increasing prevalence of ESRD underscore the need to identify and establish safe and effective therapeutic interventions to reduce adverse CV outcomes in the vulnerable population of patients on hemodialysis.
Unmet Needs with Traditional Approaches to Mitigation of Cardiovascular Risk in Hemodialysis Patients
Evidence-based approaches for reducing CV risk in patients on hemodialysis are limited because such patients are usually excluded from large clinical outcomes trials [4] . The following is a brief overview of data in the hemodialysis population relating to standard therapeutic interventions that are used to decrease CV risk in the general population.
Antihypertensive Therapy Epidemiologic studies suggest that higher blood pressure is paradoxically associated with decreased mortality in patients on hemodialysis [5] [6] [7] . Several studies have evaluated the effects of different antihypertensive drug classes (beta-blockers, angiotensin-converting enzyme inhibitors, angiotensin-receptor blockers, or calcium channel blockers) on outcomes in hemodialysis patients, but they have generally involved a limited number of patients with estimates of effect size that are often insignificant [8] . In general, interventions that improve elevated blood pressure have not been shown to consistently reduce CVD events in patients with ESRD on hemodialysis. A possible exception is a meta-analysis of 5 studies suggesting that antihypertensive medications may reduce CV events in hemodialysis patients compared with control subjects (hazard ratio [HR]: 0.69, 95% confidence interval [CI]: 0.56-0.84 in inverse-weighted fixed-effects model, and HR: 0.62, 95% CI: 0.45-0.86 in random-effects model) [8] . However, the broad-based applicability of this meta-analysis is questionable due to substantial heterogeneity across the 5 studies with respect to clinical outcomes, reflecting different study designs and study populations.
Weight Loss
Although weight loss in overweight and obese subjects is associated with improved outcomes in the general population, it has the opposite effect in the hemodialysis population. Obesity has been associated with longer survival and reduced CV mortality in patients on hemodialysis [6, 9] . Moreover, weight loss has been shown to be an independent risk factor for adverse outcomes in patients on maintenance hemodialysis [10] . Several hypotheses have been offered to explain these counterintuitive relationships, including greater malnutrition and less stable hemodynamics among hemodialysis patients with a lower body mass index [6] .
Statin Therapy
Statin therapy for decreasing low-density lipoprotein cholesterol (LDL-C) is the backbone of atherosclerotic CVD risk reduction management strategies in both the primary and secondary prevention settings. However, multiple studies have shown that a statin-based approach for reducing CV risk may not be suitable in patients on hemodialysis [11] . Two large international trials addressed this issue. The 4D study evaluated atorvastatin in 1,255 type 2 diabetes patients on hemodialysis, and the AURORA study evaluated rosuvastatin in 2,776 patients undergoing maintenance hemodialysis [12, 13] . Neither statin improved the primary endpoint of CV mortality, nonfatal myocardial infarction (MI), or nonfatal stroke compared with control after median follow-up periods of 4.0 and 3.8 years, respectively (relative risk [RR]: 0.92, 95% CI: 0.77-1.10, p = 0.37 in the 4D study, and HR: 0.96, 95% CI: 0.84-1.11, p = 0.59 in the AURORA study).
The SHARP study, which evaluated simvastatin plus ezetimibe in chronic kidney disease patients with no known history of MI or coronary revascularization, included a subgroup of 3,023 patients on dialysis (2,527 hemodialysis/496 peritoneal dialysis) [14] . In the hemodialysis subgroup, simvastatin plus ezetimibe did not reduce risk of a first major atherosclerotic event defined as coronary death, nonfatal MI, nonhemorrhagic stroke, or any arterial revascularization procedure (RR: 0.95; 95% CI: 0.78-1.15).
A meta-analysis based largely on the 4D, AURORA, and SHARP studies concluded that statins, when used in patients on hemodialysis, have little or no effect on all-cause mortality (HR: 0.96; 95% CI: 0.88-1.04), CV mortality (HR: 0.94; 95% CI: 0.82-1.07), or major CV events (HR: 0.95; 95% CI: 0.87-1.03) [15] . A subsequent meta-analysis suggested that beneficial effects of statin therapy in patients with renal dysfunction are significantly related to the level of residual kidney function [16] . Of particular interest was the observation that there was no clear relationship between LDL-C reduction and CV benefit in patients on hemodialysis [16, 17] .
Proposed Pathophysiologic Factors Associated with Increased Cardiovascular Risk in Hemodialysis Patients
The type and severity of atherosclerosis in patients on hemodialysis differs from that in the general population and likely contributes to the differing pathophysiology of CVD between the 2 groups. Whereas obstructive atherosclerotic coronary artery disease is the principal manifestation in the general population, the pathophysiology of CVD in ESRD includes other disorders such as arteriosclerosis, cardiomyopathy, and increased sudden cardiac death due to arrhythmias [11] . It has been suggested that statins may not impact the excess CV events caused by these additional disorders [16] . ESRD patients on hemodialysis have a high incidence of comorbid conditions, notably type 2 diabetes mellitus and hypertension, but these traditional risk factors cannot account for the increased CVD burden. Other risk factors, including oxidative stress and inflammation may be important in terms of explaining the excess CV events in hemodialysis patients ( Fig. 1 ) . Intradialytic hypotension and chronic anemia may also be contributing factors but are beyond the scope of this review [4, 16] .
Oxidative Stress and Inflammation
Patients undergoing hemodialysis have higher levels of oxidative stress and inflammation than age-matched individuals not on hemodialysis. This may be attributed to a variety of factors including interactions between the blood and dialyzer membrane, subclinical infection, indwelling catheters, activation of the renin-angiotensin-aldosterone system, impaired intestinal barrier function, impaired nitric oxide metabolism, and decreased production of numerous antioxidant and cytoprotective molecules [11, 18] . During the development of atherosclerosis, oxidative stress is known to cause endothelial dysfunction, which promotes monocyte activation, adhesion to endothelial surfaces, and infiltration into the arterial wall [17, 19, 20] . Oxidative stress also stimulates oxidation of LDL and increases levels of triglyceride (TG)-rich lipoprotein (TRL) remnants including very-low-density lipoprotein and chylomicrons. These products increase expression of scavenger receptors, thereby allowing their uptake by macrophages and other resident phagocytic cells in the arterial wall. Together, these mechanisms promote transformation of macrophages into foam cells, a key step in the atherosclerosis process [17, 19] . Factors shown in the right panel may contribute to increased CVD risk in patients with ESRD on hemodialysis; interventions are supportive in nature for these factors. Factors shown in the shaded panels may contribute to CVD risk in both the general and ESRD populations; EPA has been reported to have beneficial effects on these potentially important CVD causative factors (see text for citations). BMI, body mass index; CVD, cardiovascular disease; EPA, eicosapentaenoic acid; ESRD, end-stage renal disease; LDL-C, low-density lipoprotein cholesterol; Ω-3, omega-3 fatty acid; Ω-6, omega-6 fatty acid; TG, triglycerides; TRLs, triglyceride-rich lipoproteins.
High-density lipoprotein (HDL) may help to protect against foam cell formation by preventing lipoprotein oxidation, preventing cholesterol influx into macrophages, and stimulating nitric oxide production and blocking chemokine production by endothelial cells. However, in ESRD, the structure and function of HDL is altered, which impairs its capacity for antioxidant, anti-inflammatory, and reverse cholesterol transport activities [21] . This effect may be accompanied by impaired cholesterol metabolism in the remaining functional kidney and vasculature, even though serum cholesterol and LDL-C are usually normal or reduced in patients maintained on hemodialysis [11] . The metabolism of TRLs may also be impaired in ESRD. This is thought to be related to deficiencies in lipoprotein lipase, hepatic lipase, and LDL receptor-related protein [11] . The net result is an accumulation of TRL remnants, which are prone to oxidation and give rise to lipoprotein particles with enhanced atherogenicity. Together, these mechanisms may help to explain why traditional interventions, such as statins, show little or no benefit in CVD prevention in outcomes studies in hemodialysis patients.
Eicosapentaenoic Acid as a Potential Therapeutic Approach to Decrease Cardiovascular Risk in Hemodialysis Patients
The National Kidney Foundation Kidney Disease Outcomes Quality Initiative (NKF KDOQI) recommends dietary intake of food sources rich in the omega-3 polyunsaturated fatty acids (PUFAs) at least twice weekly as part of well-balanced nutrition in hemodialysis patients [4] . Omega-3 PUFAs include eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). While both EPA and DHA have potential beneficial CV effects [22] , DHA has been reported to have the unwanted off-target effect of raising LDL-C [23] . Recently, a review article described the beneficial effects of EPA on multiple steps in the atherosclerotic process, from protecting against endothelial dysfunction to reducing plaque formation, progression, and vulnerability [17] . Interventional studies of omega-3 PUFAs have investigated the potential effectiveness of PUFA treatment in reducing CV risk in patients on hemodialysis. These include studies of treatment with fish oil dietary supplements containing EPA, DHA, and other ingredients as well as studies of purified products that contain both EPA and DHA or only EPA; results were varied [24] [25] [26] [27] [28] [29] . Here, we examine the interventional outcomes studies of EPA-only therapy in hemodialysis patients as well as the effects of EPA on factors such as lipids, inflammation, and oxidative stress, which are likely to play a role in the increased CVD risk in this patient population.
EPA Outcomes Studies
Perhaps the most direct evidence for EPA as a therapeutic approach to decreasing CV risk in hemodialysis patients comes from 3 CV outcomes studies that included over 800 subjects undergoing hemodialysis. The effects of this intervention on CV outcomes in these studies are summarized in Table 1 [26] [27] [28] .
In a prospective, open-label, controlled clinical study, 179 hemodialysis patients were randomized to receive purified EPA 1.8 g/day ( n = 89) or control ( n = 90) [26] . After a 2-year follow-up, patients randomized to EPA had significant decreases in CV death (HR: 0.20; 95% CI: 0.04-0.91; p = 0.037), CV events including acute MI, stroke, and aortic-disease-related events (HR: 0.50; 95% CI: 0.26-0.96; p = 0.039), and combined outcome of all-cause death and CV events (HR: 0.49; 95% CI: 0.26-0.90; p = 0.021) compared with the control group [26] . Notably, these effects of EPA were independent of TG and C-reactive protein levels [26] . In a 3-year longitudinal observational cohort study, 176 maintenance hemodialysis patients received either a purified formulation of EPA 1.8 g/day ( n = 51) or no EPA ( n = 125). The EPA patients experienced a statistically significant 58% reduction in all-cause mortality (HR: 0.42; 95% CI: 0.16-0.94; p = 0.034) [27] . In another study, 459 patients on maintenance hemodialysis received standard therapy with either the addition of purified EPA 0.9 g/day ( n = 106) or no EPA added (control; n = 353) and were followed for 3 years [28] . Propensity score analysis using a multivariate logistic model was used to compare outcomes in the EPA group versus the control group. EPA significantly decreased all-cause mortality by 47% (HR: 0.53; 95% CI: 0.31-0.92; p = 0.023) and CV mortality by 59% (HR: 0.41; 95% CI: 0.18-0.91; p = 0.029) compared with the control cohort [28] .
Limitations of these studies include open-label treatment, longitudinal observational design, and restriction to Japanese patient populations, where background omega-3 fatty acid consumption and long-term survival for dialysis populations are high relative to Western populations. In addition, 2 of the studies should be considered preliminary as they have not yet been published in full [26, 28] . The results should therefore be appropriately interpreted, especially when generalizing to Western populations. However, it should be noted that outcomes data for CV death, all-cause mortality, and CV events appear to be internally consistent between the 3 studies. It may also be worth noting that in these 3 studies, all patients were receiving hemodialysis and thus were exposed to the same disease processes. The studies also included extensive follow-up through 2-3 years and, most importantly, the endpoints included were stringent (i.e., "hard endpoints": CV death, CV mortality, and allcause mortality). Taken together, the substantial reductions observed in these 3 independent studies suggest a potential for benefit with EPA and that further investigation of the effects of EPA on CV outcomes in hemodialysis patients may be warranted to gain further insight into the possible role of EPA-only therapy in this patient population.
Effects of EPA on Lipids, Inflammation, and Oxidative Stress
For the hemodialysis population, the effects of EPA on lipids, inflammation, and oxidative stress are likely to play a role in the increased CVD burden observed in this patient population. Effects of Plasma EPA on Lipids and Lipoproteins Several studies have reported that hemodialysis patients have low plasma levels of EPA and, as a result, lower ratios of EPA to the proinflammatory omega-6 fatty acid arachidonic acid (AA) compared with control populations [30] [31] [32] [33] . In a study of 461 hemodialysis patients, low ratios of EPA/AA and omega-3/omega-6 fatty acids were closely associated with carotid atherosclerosis as measured by ultrasound [34] . In a single-center observational study, serum EPA and AA levels were measured in a cohort of 517 Japanese patients on maintenance hemodialysis and compared with 122 age-and gender-matched controls [35] . Serum EPA/AA ratios were lower in hemodialysis patients compared with controls and, after adjusting for age and other confounding variables, were inversely associated with CVD events.
In EPA interventional studies, treatment with EPA has been shown to significantly improve the EPA/AA ratio in hemodialysis patients [28, 36] . In the outcomes study described earlier where EPA was found to reduce all-cause mortality in hemodialysis patients, significant improvements were observed in the EPA/AA ratio as well [28] . These results were consistent with data from a non-hemodialysis patient population of hypercholesterolemic patients in whom the ratio of EPA to AA was found to be predictive of cardiovascular risk, with higher EPA to AA values being more protective against cardiovascular events [37] . In a crossover study, 59 hemodialysis patients with a low EPA/AA ratio were given EPA 1.8 g/day or control treatment for 3 months, with a 1-month washout between study periods [36] . EPA significantly improved the EPA/AA ratio ( p < 0.0001), which was accompanied by reductions in advanced glycation end products [36] .
Regarding other atherogenic lipid parameters, in a cohort of 22 hemodialysis patients with relatively high baseline levels of remnant-like particle cholesterol (RLP-C; >7.5 mg/dL) and oxidized LDL (oxLDL; >150 ng/mg), EPA 1.8 g/day for 3 months significantly reduced levels of RLP-C by 52%, oxLDL by 38%, and TGs by 42% compared with baseline (all p < 0.01) [38] . By 3 months after discontinuing EPA, each parameter increased and approached baseline values [38] . In the crossover study of 59 hemodialysis patients mentioned above, improvement was also observed in the lipid profile [36] . These data are in line with an early pilot study of 12 hemodialysis patients which showed that daily fish oil rich in EPA significantly reduced TG and total cholesterol levels after 4 and 13 weeks [39] .
In addition to beneficial effects on lipid/lipoprotein parameters including TRLs and the ratios of EPA/AA and omega-3/omega-6 fatty acids in hemodialysis patients described above, EPA also improved the lipid profile in other patient populations. Icosapent ethyl, a pure ethyl ester of EPA, significantly reduced levels of TGs, non-HDL cholesterol, key atherogenic lipid/ lipoprotein parameters including RLP-C, apolipoprotein C-III, and oxLDL, and other markers of inflammation in statin-treated patients with high TG levels (200 to <500 mg/dL) in the ANCHOR study and in patients with very high TG levels (500 to ≤ 2,000 mg/dL) in the MARINE study [40] [41] [42] [43] [44] .
Effects of EPA on Inflammation EPA is known to exert beneficial effects on a wide array of inflammatory processes in experimental systems and in multiple patient populations. Both omega-6 (e.g., AA) and omega-3 (e.g., EPA) PUFAs are incorporated into cell membrane phospholipid bilayers, serve as structural components that ensure the fluidity and stability of the membrane, and act as gatekeepers in the cell [45] . In addition, AA and EPA are converted into a number of important bioactive lipids that have the potential to affect multiple classes of pro-and anti-inflammatory mediators including eicosanoids and cytokines [17, 46] . The eicosanoids are lipid mediators derived from AA and EPA found in membrane phospholipids; cyclooxygenase enzymes convert AA and EPA into prostanoids, and lipoxygenase enzymes convert them into leukotrienes and other lipid products [46] . AA is converted into prostanoids containing 2 double bonds and leukotrienes containing 4 double bonds, which typically have proinflammatory and/or prothrombotic effects [46, 47] . Treatment with EPA leads to increased incorporation into membrane phospholipid bilayers in experimental models, and also leads to an increase in EPA/AA ratios and multiple patient populations. Importantly, EPA is converted into prostanoids containing 3 double bonds and leukotrienes with 5 double bonds, mediators that may exhibit anti-inflammatory and/or antithrombotic effects [46, 47] . Thus, the ratio of EPA/AA is an indicator of inflammation and, as noted earlier, is an indicator of CVD in hemodialysis patients; treatment with EPA has been shown to improve this ratio in hemodialysis patients [36] .
Regarding other mediators of inflammation, in a study of 42 hemodialysis patients, pentraxin-3 and interleukin (IL)-1 levels were found to be significantly lower in the cohort with high plasma EPA levels than those with low plasma EPA levels; the pentraxin-3 level was also negatively correlated with the EPA/AA ratio [48] . Pentraxin-3 is of particular interest because it is an early sensitive marker of hemodialysis-induced inflammation [49] and has been associated with CVD [50] and higher comorbidity [51] in hemodialysis patients. It may be of interest to note that it has been reported that the combination of EPA with a statin reduces pentraxin-3 levels more than a statin alone, although these studies were not in hemodialysis patients [52, 53] .
EPA levels in a study of 42 hemodialysis patients were negatively correlated with concentrations of the proinflammatory cytokines tumor necrosis factor-α ( r = − 0.497; p < 0.05) and IL-6 ( r = -0.468; p = 0.03) [54] . In populations other than hemodialysis patients, EPA has been shown to increase the levels of anti-inflammatory cytokines and reduce the levels of the proinflammatory cytokines [44, 55, 56] .
In experimental models, EPA has been shown to have beneficial effects on inflammationdriven atherosclerotic processes such as monocyte adhesion to endothelial cells [57, 58] . In addition, oxLDL and RLP-C may stimulate foam cell formation; EPA has been shown to lower the levels of both of these atherogenic parameters in patients with hypertriglyceridemia and in hemodialysis patients [38, 44, 59] .
The resolution of inflammation is also an important mechanism in the prevention of chronic inflammation, and specialized pro-resolving mediators such as resolvins act to counter-regulate proinflammatory responses and help lead to resolution [60, 61] . Resolvins can be derived from omega-3 fatty acids, and studies have suggested that omega-3 fatty acid supplementation can increase specialized pro-resolving mediators, including in patients with chronic renal impairment [60] [61] [62] [63] [64] [65] . The e-series resolvins can be derived from EPA, and a recent study using a murine model of atherosclerosis demonstrated that treatment with the EPA-derived resolvin E1 reduced atherosclerotic lesions by 35% ( p < 0.05) in the absence of atorvastatin or by 51% ( p < 0.001) in the presence of atorvastatin [66] .
Effects of EPA on Oxidative Stress Several preclinical studies suggest that EPA has antioxidant effects that reduce oxidative stress and improve endothelial function. EPA inhibited lipid peroxidation in membrane vesicles with normal or elevated cholesterol levels as well as glucose-induced pathologic changes in the structural organization of membrane lipids, including development of cholesterol crystalline domains [67, 68] . EPA also exhibited antioxidant effects in human umbilical vein and glomerular endothelial cells, where it improved the balance between nitric oxide and peroxynitrite [69, 70] . These antioxidant effects are thought to be due to intercalation of EPA into the membrane lipid bilayer [68] .
In hemodialysis patients, EPA has been shown to reduce oxLDL levels in patients with relatively high baseline oxLDL and RLP-C, as previously noted [38] . These antioxidant effects are supported by other clinical and ex vivo studies, although not in hemodialysis populations. In a Japanese study, administration of EPA 1.8 g/day for 3 months restored endothelium-dependent vasodilation measured by peak forearm blood flow during reactive hyperemia in hyperlipidemic patients [71] . Improvements in endothelial function were also realized when EPA was added to statin therapy in patients with type 2 diabetes or coronary artery disease [72, 73] . Higher serum EPA also improved vascular endothelial dysfunction via its anti-inflammatory effect in Japanese hemodialysis patients [48] . EPA has also been shown to reduce oxidation of human LDL in a concentration-dependent manner in an ex vivo study [68] . Consistent with this observation, icosapent ethyl at a dose of 4 g/ day for 12 weeks reduced oxLDL levels compared with placebo by 13.3% ( p < 0.0001) in statin-treated patients with high TG levels (200 to <500 mg/dL) in the ANCHOR study and by 6.6% ( p = 0.055) in patients with very high TG levels (500 to ≤ 2,000 mg/dL) in the MARINE study [44] .
Discussion
The increased CV risk seen in patients on hemodialysis does not appear to be driven by dyslipidemia and other traditional risk factors involved in the general population. Indeed, interventions that target these traditional risk factors, such as statins, antihypertensive drugs, and weight loss do not lower CV risk in this population even though they are effective at lowering CV risk in other populations. Instead, oxidative stress and chronic inflammation appear to be important drivers of CVD in the hemodialysis population. Chronic inflammation is known to increase CV risk in various chronic immunoinflammatory conditions such as rheumatoid arthritis [74] [75] [76] , HIV [77] , and Crohn's disease [78] . The increased CVD risk in these disorders is also not driven solely by dyslipidemia or other traditional risk factors.
EPA reduces levels of TGs, TRLs, and other atherogenic lipid parameters, and also affects multiple steps in the development and progression of atherosclerosis including inflammation and oxidative stress [17] . These pleiotropic effects of EPA are not all shared by DHA [79] , and therefore EPA may be unique among omega-3 PUFAs regarding potential benefit to patients on hemodialysis. In a notable randomized, multicenter, double-blind, controlled study ( n = 206) by Svensson et al. [25] , treatment of chronic hemodialysis patients with purified EPA+DHA did not lead to a significant reduction in CV events and death, but did result in a significant reduction in the number of secondary MIs. The authors suggest that the reduction in MIs might be due to the omega-3 PUFA's anti-inflammatory, antithrombotic, or antioxidant effects [25] . It may be of interest that the dose of EPA was less than 1 g/day and thus relatively low compared with the EPA-only studies discussed earlier [26] [27] [28] .
In the authors' opinion, the potential benefit/risk profile of EPA in hemodialysis patients appears favorable based on evidence available to date. Administration of EPA would be expected to help correct the relative EPA deficiency reported in hemodialysis patients [30] [31] [32] and increase the EPA/AA ratio that has been inversely associated with adverse CV events and markers of inflammation in this population [35, 54] . The potential benefit in reducing CV risk would be expected to be associated with low treatment risk, given the well-characterized safety profile reported in the literature [40, 41] ; however, this profile needs to be confirmed in hemodialysis patients. Of note, EPA is cleared via beta-oxidation, and its accumulation is not likely to be problematic because it competes with AA and other PUFAs for storage in membrane phospholipid bilayers [80] . Interestingly, due to its lipophilic nature, EPA is stored in the plasma membrane where it can be expected to provide a consistent reservoir of EPA, even in the hemodialysis patient population where plasma drug levels may be variable.
Conclusions
Consistent data from 3 separate, although somewhat limited, studies suggest that EPA therapy may potentially improve CV outcomes in the high-risk population of patients with ESRD on chronic hemodialysis, a population with significant unmet clinical need. The increased CVD burden seen in these patients appears to be driven, in part, by chronic inflammation and oxidative stress independent of traditional CVD risk factors and therapies. Efforts to reduce CV risk in ESRD patients on hemodialysis may benefit from focusing on these drivers. Subject to further clinical investigation and confirmation, particularly in Western populations, EPA may be an effective therapeutic option because of its potential beneficial pleiotropic effects, which may counter pathologic processes that lead to the development and progression of inflammation and oxidative stress at multiple downstream sites of action in vascular disease states. Further clinical evaluation of EPA in patients on hemodialysis is warranted.
